ABSTRACT: Mycobacterium tuberculosis (Mtb), the main causative agent of tuberculosis (TB), is naturally resistant to β-lactam antibiotics due to the production of the extended spectrum β-lactamase BlaC. β-Lactam/β-lactamase inhibitor combination therapies can circumvent the BlaC-mediated resistance of Mtb and are promising treatment options against TB. However, still little is known of the exact mechanism of BlaC inhibition by the β-lactamase inhibitors currently approved for clinical use, clavulanic acid, sulbactam, tazobactam, and avibactam. Here, we present the X-ray diffraction crystal structures of the acyl-enzyme adducts of wild-type BlaC with the four inhibitors. The +70 Da adduct derived from clavulanate and the trans-enamine acylation adducts of sulbactam and tazobactam are reported. BlaC in complex with avibactam revealed two inhibitor conformations. Preacylation binding could not be observed because inhibitor binding was not detected in BlaC variants carrying a substitution of the active site serine 70 to either alanine or cysteine, by crystallography, ITC or NMR. These results suggest that the catalytic serine 70 is necessary not only for enzyme acylation but also for increasing BlaC affinity for inhibitors in the preacylation state. The structure of BlaC with the serine to cysteine mutation showed a covalent linkage of the cysteine 70 Sγ atom to the nearby amino group of lysine 73. The differences of adduct conformations between BlaC and other β-lactamases are discussed.
T uberculosis (TB) is one of the most ancient and deadliest human infectious diseases, and today is still a leading cause of death around the world. 5 TB cannot be treated with β-lactam antibiotics because of the intrinsic resistance of the bacterium that causes TB, Mycobacterium tuberculosis (Mtb), caused by the production of the Ambler class A β-lactamase enzyme BlaC. The discovery of the β-lactam analogue clavulanic acid 6, 7 led to the development of β-lactam/β-lactamase inhibitor combination therapies. β-Lactamase inhibitors bind to β-lactamases and inhibit them, so that the β-lactam antibiotics can exert their bactericidal function. To date, there are four β-lactamase inhibitors approved for clinical use: clavulanic acid, sulbactam, tazobactam, and avibactam (formerly known as NXL104), Figure 1 . β-Lactam/β-lactamase combination therapies were shown to be effective in killing Mtb in vivo and in vitro. 8−13 BlaC inhibition by clavulanic acid was initially thought to be permanent, but later it was observed that BlaC enzymatic activity recovers very slowly from inhibition, with 50% reached after 14 h. 14 Recovery from inhibition by sulbactam and tazobactam was reported to occur after 30 and 45 min, respectively, 2 while recovery from avibactam inhibition took 48 h. 15 Furthermore, it was shown that the rate of recovery of BlaC activity after clavulanate inhibition is strongly dependent on the ions that are present in the buffer, such as phosphate, acetate, or sulfate, with phosphate and sulfate triggering BlaC recovery, and acetate slowing it down.
14 A possible pathway of BlaC inhibition by clavulanate was suggested by Hugonnet and colleagues 2 based on mass spectrometry (MS) and crystallographic data ( Figure  2 ). The MS data suggested the formation of four main covalent intermediates corresponding to MS peaks +70, +137, +155, and +199 Da compared to a free enzyme, 2, 14, 16 while BlaC crystal soaking with clavulanic acid and the X-ray crystal structure determination allowed for trapping a covalent adduct corresponding to the +155 Da MS peak (PDB 3CG5, Figure  2d ). 3 Similar experiments with other Ambler class A β-lactamases also resulted in the visualization of the structures of the +199 inhibitor (PDB 1BLC, Figure 2b ), in addition to the +155 Da one. 17, 18 One novel clavulanate product was modeled in the active site of the BS3 β-lactamase that corresponds to an ethane-imine ester degradation product of clavulanate (PDB 2Y91). 4 However, despite much research focused on the structural characterization of BlaC 19 and its interaction mode with antibiotics 20−25 and several inhibitors, 2, 3, [14] [15] [16] 26, 27 the molecular understanding of BlaC inhibition by the main β-lactamase inhibitors is still incomplete. Furthermore, little is known of the mechanism of recognition between BlaC and substrates and inhibitors before the formation of the acyl-enzyme complex. Therefore, we set out to structurally characterize the covalent adducts of BlaC with the β-lactamase inhibitors clavulanic acid, sulbactam, tazobactam, and avibactam by X-ray crystallography and study the preacylation complexes of BlaC with inhibitors by producing two acylation-deficient mutants of BlaC in which the catalytic Ser70 was replaced by either an Ala or a Cys residue. Our results show that BlaC inhibition by β-lactamase inhibitors follows the same reaction mechanism as for classical β-lactamases TEM-1 and SHV-1. Moreover, we show structural evidence for the formation of the inhibitor form of clavulanate corresponding to the +70 Da MS peak and the trans-enamine adducts of sulbactam and tazobactam. Interestingly, the structure of BlaC in complex with avibactam showed two conformations of the covalent adduct, suggesting a stabilization mode of the inhibitor in the active site of BlaC. No interactions could be detected between the inhibitors and the acylation-deficient variants, suggesting the binding is very weak. The structural analysis of the BlaC−inhibitor complexes highlighted several differences with other complexes of β-lactamases and inhibitors that may relate to the higher resistance of BlaC to inhibition and could aid in the design of more potent and specific inhibitors for BlaC.
■ MATERIALS AND METHODS
Gene Cloning, Mutagenesis, Protein Production, and Purification. The blaC wild-type gene (Uniprot P9WKD3) from Mycobacterium tuberculosis without the sequence encoding the N-terminal, 42-amino acid signal peptide was cloned in pET28a(+) fused to a C-terminal six histidine tag, as described by Elings et al.
14 BlaC S70A and S70C mutants were obtained using the QuikChange method (Agilent), and the presence of the mutations was verified by sequencing. Heterologous expression of blaC gene constructs was done in E. coli BL21 (DE3)pLysS cells as already described. 14 Bacteria were disrupted by French-press and the solutions ultracentrifuged at 25000g for 45 min at 4°C. The supernatant was applied to a 5 mL prepacked HisTrap HP column (GE Healthcare) pre-equilibrated in 25 mM Tris-HCl buffer, pH 8.0, 500 mM NaCl. The column was washed with ten column volumes of 25 mM Tris-HCl buffer, pH 8.0, 500 mM NaCl and 50 mM imidazole. The His-tagged BlaC was eluted with 250 mM imidazole. The eluted protein was loaded on a PD-10 desalting column (GE Healthcare) for fast removal of the imidazole, and further purified by size exclusion chromatography using a Superose 12 10/300 GL column (GE Healthcare) in a final buffer consisting in 25 mM Tris-HCl buffer, pH 8.0, 40 mM NaCl, with or without 1 mM dithiothreitol (DTT). The collected fractions were analyzed by SDS-PAGE, and those containing pure BlaC were pooled, concentrated using a Centriprep centrifugal filter unit (10 kDa cutoff, Millipore), and flash-frozen in liquid nitrogen. Protein concentration was determined by absorbance at 280 nm, using the theoretical extinction coefficient of 29910 M −1 cm −1 , calculated using the ProtParam tool on ExPasy (http://web. expasy.org/protparam/).
Crystallization and Soaking Conditions. Good quality diffracting crystals of wild-type BlaC were obtained as described by Elings et al. 14 BlaC S70A purified in the presence of DTT was concentrated up to 30 mg mL −1 and screened for crystallization in 0.1 M Tris-HCl, pH 7.0−9.0, and 0.1−2 M NH 4 H 2 PO 4 according to conditions previously used for the crystallization of wild-type BlaC. 19 The reservoir solutions (75 μL) were pipetted by a Genesis RS200 robot (Tecan), and the drops (500 nL) were made by an Oryx6 robot (Douglas Instruments). Crystals grew in about one month in several conditions with the best diffracting crystals being in 0.1 M Tris-HCl, pH 7.0, 1.7 M NH 4 H 2 PO 4 . Purified S70A and S70C BlaC solutions without DTT were concentrated to 10 and 15 mg mL −1 , respectively. Both proteins were screened for crystallization by sitting-drop vapor-diffusion using the JCSG + and PACT premier (Molecular Dimensions) screens at 293 K. Initial crystallization plates were prepared using an NT8 robot (Formulatrix) for pipetting the reservoir solution (70 μL) and making the drops (500 nL). BlaC S70A produced first crystal hits in conditions C12 of the JCSG+ screen consisting of 10% w/v PEG1000 and 10% w/v PEG8000. Conditions were further optimized by preparing fresh solutions of PEG1000 and PEG8000 and pipetting 2 μL of crystallization drops with a protein percentage varying from 30 to 70%. Good quality diffracting crystals grew in 20% w/v PEG8000 in drops containing 30% v/v protein and 70% v/v reservoir solution. Crystals of BlaC S70C were obtained by optimization of initial hits in condition JCSG+ C3, which is composed of 0.2 M 32 and Coot. 33 For PDB entry 6H28 (BlaC S70A), refinement with anisotropic B-factors was tried but did not improve R free and resulted in overfitting, which is attributed to the low completeness at the highest resolution ranges. Data collection and refinement statistics are presented in Table 1 .
Isothermal Titration Calorimetry (ITC). Isothermal titration calorimetry (ITC) experiments were performed on a MicroCal VP-ITC (Malvern) instrument. Before ITC experiments were performed, purified BlaC S70A was dialyzed overnight at 4°C in an excess volume of 25 mM Tris-HCl, pH 8.0, 40 mM NaCl. The dialyzed protein was loaded in the sample cell after extensive degassing and determination of protein concentration (32.3 μM) by measuring A 280 on a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). Clavulanic acid (Matrix Scientific) was weighed shortly before the experiment and dissolved in the dialysis buffer to a stock concentration of 100 mM. The clavulanate stock solution was diluted in dialysis buffer to experimental concentrations of 3 (c) In the BlaC structure (pink ribbon) solved after 10 min soaking in a solution containing clavulanate, the electron density suggests the presence of a propionaldehyde ester adduct bound to Ser70, which corresponds to the +70 Da peak identified by MS. (d) Superposition of the propionaldehyde covalent adduct modeled in the structure of BlaC (chain A, pink) presented here and the ethane-imine adduct modeled in PDB 2Y91 (gold). 4 In parts a and c, the covalent clavulanate adducts are represented as sticks colored according to atom type (C in green, O in red, and N in blue). Acetate ions and amino acidic residues that form hydrogen bonds (dashed lines) with the adduct or are at a distance < 4 Å are represented as sticks colored according to atom type (C in gray, O in red, and N in blue). Water molecules are indicated with red dots. The 2mF o -DF c electron density map (blue chicken wire with a contour level of 1 σ) is centered on the clavulanate adduct. Biochemistry Article 1 and 10 mM before degassing and loading in the syringe. The titration protocol consisted of a first 2 μL injection followed by injections of 7 μL with a time spacing of 240 s between injections and a constant stirring at 351 rpm. The temperature was set at 25°C. Data analysis was done in Origin (OriginLab) using the software provided by Malvern.
Nuclear Magnetic Resonance (NMR). The NMR titration of clavulanate into BlaC S70A was performed in two buffering systems. One NMR sample contained 230 μM BlaC S70A in 20 mM Tris-HCl, pH 8.0, 40 mM NaCl, and the other sample contained 140 μM BlaC S70A in 20 mM MES, pH 6.7. NMR spectra were recorded at 25°C on a Bruker Avance IIIHD NMR spectrometer operating at 20 T (850 MHz), equipped with a TCI cryoprobe. 15 N− 1 H HSQC spectra of BlaC S70A were acquired at each step of the titration with clavulanate. Data were processed using Topspin 3.5 (Bruker Biospin).
■ RESULTS Clavulanic Acid. The X-ray crystal structure of BlaC was solved in complex with two covalent clavulanate adducts, obtained by soaking for 3 or 10 min. The structures were refined against diffraction data to a resolution of 1.9 Å for the 3 min soaked crystal, and to 2.8 Å for the one soaked for 10 min. Crystallographic statistics are presented in Table 1 . Despite the fact that longer soaking times led to a poorer diffraction and resolution, the overall fold of BlaC was not affected. Both structures show good superposition of the polypeptide chain with the structure of free BlaC (PDB 5OYO), with an average root-mean-square deviation (rmsd) between Cα atoms of 0.30 and 0.29 Å for the 3 min and 10 min soaked structures, respectively. In both structures, positive difference electron density near the catalytic Ser70 clearly indicated the presence of covalent adducts. In the 3 min soaked crystal, a transenamine adduct corresponding to the +155 Da MS peak could be modeled in the structure, while in the one soaked for 10 min the covalent inhibitor fragment was a shorter molecule that could be modeled as propionaldehyde ester, corresponding to the MS peak of +70.
Clavulanate trans-Enamine Adduct. A trans-enamine adduct was found in both chains of the asymmetric unit. It has the same chemical structure as the adduct reported in the PDB entry 3CG5. 3 The conformation of the trans-enamine inhibitor fragment (Figure 3a) is similar in the two BlaC molecules, with the exception of terminal atoms C7, C8, and O3, which do not interact with any amino acid residues and, thus, show some flexibility ( Figure S1a,b) . This terminal flexibility of the transenamine adducts of clavulanate is also confirmed by the comparison with PDB entry 3CG5 (Figure 3b) .
Propionaldehyde Ester Adduct of Clavulanate. The structural solution of the BlaC crystal soaked in clavulanate for 10 min showed a different covalent adduct of clavulanate than the trans-enamine intermediate formed in the structure described above. The positive difference electron density clearly suggested the presence of a short covalent inhibitor bound to Ser70 that could be modeled as the +70 Da intermediate proposed by Hugonnet et al. 2 The inhibitor is stabilized in the active site by a hydrogen bond between the carboxylic oxygen and the Thr239 backbone nitrogen, and is at distance of <4 Å from essential catalytic residues Ile103 and Asn172 (Figure 3c and Figure S1c, (Figure 3d ). 4 The authors argued that the C3−N4 bond of the trans-enamine adduct is weakened by the interactions with active site residues of BS3 and breaks with the release of a pentan-3-one-5-ol acid degradation product (CL2). The CL2 molecule is reported to be observed in the structure at a hydrogen bond distance from Ser130 and Thr235, with the carboxylic group in the same position as where the acetate or phosphate ions are in the structure of BlaC (PDB 5OYO and 5NJ2). The weakening and breaking of the trans-enamine adduct would be dependent on the stabilization of the terminal part of the molecule in the acetate/phosphate binding pocket. However, the transenamine adduct of clavulanate has never been observed to bind in such a conformation in any of the β-lactamase structures deposited in the PDB so far (PDB codes 1BLC, 2A49, 2H0T, 3CG5). Furthermore, the electron density modeled as CL2 could also be modeled very well as citrate, which was present at a high concentration in the crystallization conditions ( Figure S2 ). 4 Thus, the formation of the CL1 and CL2 adducts would still need further validation. So far, the most accredited pathway of β-lactamase inhibition by clavulanate is the one that involves the formation of a propionaldehyde adduct on Ser70. Thus, we believe that the +70 Da adduct is more likely to be propionaldehyde ester.
BlaC in Complex with Sulbactam. The crystal structure of BlaC in complex with a covalent acyl intermediate derived from sulbactam was obtained by soaking BlaC crystals in a 10 mM sulbactam cryo-solution for 10 min. Soaked crystals diffracted to a final resolution of 1.40 Å, and the structure was refined in space group P1, obtaining a final R-factor of 19.2% and an R free of 23.4%. The asymmetric unit contains two protein molecules (chain A and chain B). For both chains, residues 29−293 according to the Ambler numbering convention were modeled, and part of the C-terminal Histag could be modeled for chain A. The overall fold of BlaC was not affected by sulbactam binding, as shown by an average rmsd of 0.31 Å for Cα atoms of core residues in BlaC in complex with sulbactam and free BlaC (PDB 5OYO). A clear electron density near the catalytic Ser70 signaled the presence of a covalent inhibitor that was modeled as the trans-enamine derivative of sulbactam. Most of the covalent trans-enamine adduct is in the same conformation in both protein chains and is stabilized in the BlaC active site by hydrogen bonds involving the sulfate and carbonyl moieties (Figure 4a,b) . The presence of the sulbactam adduct produced the largest effects in the loop region between residues 98−106. Already in the structure of substrate-free BlaC (PDB entry 5OYO) 14 some variation was observed for this loop region, which was in a more open conformation in chain B than in chain A. In the BlaC−sulbactam adduct complex, residues 98−106 of chain A are forced into a more open conformation to avoid clashes with the inhibitor. In particular, the side-chain atom CD1 of Ile103 is directed outward relative to the catalytic Ser70, whereas in the free enzyme the side chain of Ile103 is directed toward the active site of the protein (Figure 4c) . In chain B of the BlaC−sulbactam structure, the changes involve a larger region, comprising residues 93−103 and 107−116 (Figure 4d ).
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The structure of BlaC in complex with the trans-enamine adduct of sulbactam was compared to PDB entries 2A3U and 2H0Y, which show the inhibition of the Ambler class A β-lactamase SHV-1 by the same trans-enamine intermediate of sulbactam as the one modeled in complex with BlaC.
18,34 From a chemical point of view, the trans-enamine adducts are identical in both SHV-1 structures and BlaC (Figure 4e ), but their conformation in the active site differs, with the sulfate and carboxylic moieties oriented in opposite directions in the two β-lactamases (Figure 4f ). In BlaC, the sulfate moiety of the trans-enamine intermediate is stabilized by hydrogen bonds with residues Asn172 and Arg173, whereas in SHV-1 it is the carboxylic moiety that forms hydrogen bonds with the protein, through Asn132 and Asn170. When the sulbactam-bound structures of BlaC and SHV-1 are compared, it is important to bear in mind that both complexes of SHV-1 (PDB 2A3U and 2H0Y) were obtained using SHV-1 mutants with an impaired deacylation process: PDB 2A3U was obtained using a single Glu166Ala SHV-1 mutant and PDB 2H0Y using a double Met69Val/Glu166Ala SHV-1 mutant. Since no experimental data are available of a covalent complex of wild-type SHV-1 with sulbactam, it is not known if the wild-type enzyme can accommodate the same trans-enamine conformation as the one observed in the mutant structures.
BlaC Inhibition by Tazobactam. Similar to the BlaC− sulbactam structure, the BlaC−tazobactam complex was produced by soaking BlaC crystals in a 10 mM tazobactam solution for 10 min. The structure was modeled in space group Biochemistry Article P1 to a resolution of 2.72 Å for a final R-factor of 21.0% and R free of 26.6%. Also in this case, there are two BlaC chains in the asymmetric unit (chains A and B). The X-ray crystal structure of BlaC in complex with tazobactam superposes well to the structure of the free enzyme (PDB 5OYO) with an average rmsd of 0.29 Å for the Cα atoms of corresponding core residues. The covalent adduct was modeled as the transenamine derivative of tazobactam (Figure 5a−c) . The two modeled inhibitor fragments show good superposition of atoms C5, C6, and C7, but there is a variation in the angle between C3, N4, and C5, which measures 115.8°in chain A and 118.1°in chain B. Furthermore, the triazole ring assumes a different rotation angle in the two chains of the asymmetric unit (Figure 5d ). The trans-enamine tazobactam adduct bound to BlaC is chemically identical to the covalent inhibitor fragment formed between tazobactam the Ambler class A β-lactamase SHV-1 (PDB 1VM1), 34−37 but the stabilization of the sulfate and triazolyl moieties of the intermediate is different in the two β-lactamases (Figure 5e,f) .
Positive electron density was also found near Ser128 in both chains of the asymmetric unit. Since the BlaC crystals were grown in a buffer containing acetate, and acetate ions were also found at the same site of the protein in the structure of free BlaC (PDB 5OYO), it is reasonable to fit acetate ions also in the structure of BlaC−tazobactam complex (Figure 5a,b) . Given the low resolution of the BlaC−tazobactam structure, it is, however, not possible exclude the possibility of a covalent adduct is formed on Ser128. 35 BlaC Inhibition by Avibactam. The crystal structure of BlaC in complex with avibactam is presented here at a resolution 1.62 Å. Also the BlaC−avibactam complex was obtained by soaking BlaC crystals in a 10 mM avibactam solution for 10 min. The two BlaC molecules in the asymmetric unit show a good superposition with the structure of free BlaC (PDB 5OYO), with an average rmsd of 0.35 Å for Cα atoms of core residues. In chain A, the electron density map allowed fitting of two conformations of the inhibitor, each with 50% occupancy (Figure 6a ). Both conformers in chain A are covalently linked to the catalytic Ser70, but while one has the sulfate moiety interacting with residues Ser128 and Thr239 in the active site, the other one has the sulfate moiety directed outward. In chain B, good fitting of the inhibitor electron density was achieved by modeling a single conformation of the covalent adduct of avibactam with Ser70 with 100% occupancy, in the same orientation as the inward oriented conformer in chain A (Figure 6b ). Two loop regions in the protein chains experienced a change in the BlaC−avibactam adduct compared to the free enzyme. In chain A, residues 
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Article 167−174 were shifted, producing an opening of the active site (Figure 6c ). The maximum shift involves residues Asn172 and Arg173, for which the Cα atoms move ∼2 Å compared to the same atoms in the free protein (PDB 5OYO). On the basis of these observations, it is possible to speculate that the entrance of the inhibitor in the active site of BlaC causes a temporary opening of the 167−174 protein region (as in chain A), which subsequently closes back upon complete stabilization of the avibactam covalent adduct (as in chain B). As already observed in other BlaC−inhibitor structures, chain B presents a slight difference in the backbone and side chains coordinates of residues 94−114, in particular of Ile103 (Figure 6d ). The X-ray crystal structure of BlaC in a covalent complex with avibactam was first published by Xu et al. (PDB 4DF6). 15 In PDB 4DF6, only one conformation of the covalent adduct was found in complex with the enzyme, to which the conformation observed here for chain B is similar, and the backbone of BlaC did not show any big shifts when compared to the structure of the free protein. Recently, Pozzi et al. 38 reported a conformation of an avibactam adduct in the lactamase TRU-1 that was similar to that observed for CTX-M-15, 39 but different from that in BlaC. 15 The conformation in TRU-1 features a short distance between the nitrogen linked to the sulfate and the carbon bonded to Ser70. This proximal conformation was suggested to be primed for release/recyclization, whereas the distal conformation could be a nonactive conformation. One of the conformations observed here in chain A resembles the distal conformation also observed in PDB 4DF6, 15 whereas the second one is very different from either the distal or proximal conformation, with sulfur atom swung out of the active site. The distance between the sulfur atoms in the two conformations is 4.6 Å.
BlaC S70A. A first batch of BlaC S70A was purified in a buffer containing DTT, and the protein was screened for crystallization. Crystals grew in approximately one month in 0.1 M Tris-HCl, pH 7.6, 1.7 M ammonium phosphate. The structural solution was found by molecular replacement using wild-type BlaC (PDB 2GDN) as a search model. The X-ray crystal structure of BlaC S70A was refined against diffraction data to a final resolution of 2.54 Å. Three protein chains could be modeled in the asymmetric unit of the crystal, but the extra electron density was present for possibly a fourth chain of a contaminant or a degradation product of BlaC S70A itself. However, it was not possible to model this electron density and also submitting the data to contaminants search tools like ContaMiner 40 did not help to model the extra density present in the crystal. Nevertheless, the electron density was good for chains A and B, and most of chain C, so that the structure was refined including these three chains in the model. Because of the unmodelled density, final R-factors remained relatively high, but still in acceptable limits for the resolution of the data: the R-factor was 23.3% and R free 25.9%. The overall fold of BlaC was not affected by the mutation of Ser70 to Ala, and the structure of the mutant can be superposed to that of wild-type BlaC with a rmsd for Cα atoms of 0.61 Å ( Figure S3a ). Extra electron density was present in the active site of the enzyme in all three chains of the crystal. DTT, glycerol, and Tris molecules were modeled in each density, and the ligand showing the best fit was refined in the final model. In chain A, the best fit was obtained by modeling a molecule of Tris and a phosphate ion, each with a partial occupancy of 50% ( Figure  S3b ). In chains B and C, DTT showed the best fit ( Figure  S3c,d) . Although DTT tends to rapidly oxidize in solution and form a circular product, reduced DTT was found in the active site of BlaC S70A. Presence of reduced DTT in protein crystals has been reported, and more than 200 structures containing DTT have been deposited in the PDB (http://www4.rcsb.org/ ligand/DTT). 41−44 A second crystal form of BlaC S70A was obtained after purifying the protein in the absence of DTT. Crystals grew in PEG3350 and diffracted to a resolution of 1.19 Å. The overall X-ray crystal structure of BlaC S70A superposes well with the structure of wild-type BlaC (PDB 5OYO), as shown by an average rmsd of 0.35 Å between the Cα atoms of the two structures ( Figure S4a) . The active site residues also superpose well between the mutant and wild-type structure, with the exception of the catalytic Ser70 that was an Ala in the mutant ( Figure S4b) . Again, a clear electron density was found in the 
Article active site of the protein, which, in this case, could be modeled as polyethylene glycol (PEG, Figure S4c,d) . To look at the Michaelis complexes between BlaC and β-lactamase inhibitors, both forms of BlaC S70A crystals were soaked in cryoprotecting solutions containing either clavulanic acid, sulbactam, tazobactam, or avibactam. However, none of the inhibitors could be modeled in the electron density. Sulbactam was peculiar in that it led to rapid dissolution of the crystals of BlaC S70A grown in the absence of DTT, and no extra density could be found in the active site of the enzyme even after a few seconds of soaking.
Since no complex could be determined between BlaC S70A and clavulanate by crystal soaking, clavulanate binding to BlaC S70A was tested in solution by isothermal titration calorimetry (ITC). ITC experiments were done by titrating 10 mM clavulanate into 32 μM BlaC S70A. ITC traces did not reveal any binding events ( Figure S5a ). However, since ITC requires binding constants in the nM to low μM range in order to detect binding, a technique more sensitive to low affinities was also used to reveal clavulanate binding to BlaC S70A. Clavulanate was titrated into 15 N− 1 H labeled BlaC S70A, and HSQC-NMR spectra were recorded at each titration step. HSCQ-NMR data analysis only revealed very small chemical shift perturbations (CSPs) of a few residues at high inhibitor concentrations, and a K D could not be calculated ( Figure S5b) .
BlaC S70C. Good quality crystals of BlaC S70C were obtained that diffracted to 1.6 Å resolution. Two identical protein molecules were found in the asymmetric unit that differed by an rmsd of 0.39 Å. The overall structure of the S70C mutant is not affected by the mutation, and it superposes well to that of wild-type BlaC (PDB 5OYO) with an average rmsd of 0.31 Å (Figure S4e,f) . The structure of BlaC S70C shows one peculiarity in the active site. Cys70 is oriented toward the nearby residue Lys73, yielding a distance between the Sγ of Cys70 and Nζ of Lys73 of 1.45 and 1.44 Å in chains A and B, respectively. One continuous electron density connects the Cys and Lys side chains, indicating the presence of a covalent bond (Figure 7a ). Despite being quite rare, a chemical bond between Cys and Lys side chains has been reported before in the literature, and it is known as a sulfenamide bond. 45−47 Mostly, circular sulfenamide bonds were observed between an oxidized Cys and an amide of the protein backbone, as seen in the protein tyrosine phosphatases (PTPs) 47, 48 and in the Bacillus subtilis transcription factor OhrR. 49 In two other cases reported in the literature, a sulfenamide bond was observed between a Cys and the sidechain amine of Lys. 45, 46 In particular, Rodkey and co-workers solved the X-ray crystal structure of the S70C mutant of the β-lactamases SHV-1 in its substrate-free state and in Michaelis complex with sulbactam. 46 Interestingly, substrate-free SHV-1 S70C (PDB 4FD8) did not show the formation of the sulfenamide bond, but it was present in the sulbactam preacylation structure (PDB 4FH2). On the basis of the structures of several substrate-free and sulbactam-complexed structures, the authors suggested that the Cys70−Lys73 sulfenamide bond is not formed in solution because both residues are important for substrate acylation. However, our structure of substrate-free BlaC S70C clearly shows a covalent bond between Cys70 and Lys73 side chains. Moreover, both crystallographic monomers of substrate-free BlaC S70C show extra electron density in the active site that could be modeled as polyethylene glycol (PEG, Figure 7a ). The position of PEG in both BlaC S70C chains corresponds to the binding site of sulbactam as shown in the inhibitor preacylation complex with SHV-1 S70C (PDB 4FH2) (Figure 7b ). Unfortunately, we were unable to establish whether the bond is formed upon protein production or during crystal growth/X-ray irradiation. The mass difference before and after bond formation is only 2 Da, which is close to the error margin of intact protein MS. The covalently modified peptides could not be detected after trypsin digestion and peptide MS analysis of fresh BlaC S70C.
■ DISCUSSION
In the present work, two clavulanate acylation products were identified by soaking BlaC crystals in clavulanate for 3 and 10 min. The first identified inhibitor fragment was a classical trans-enamine derivative of clavulanate, like the one modeled in PDB 3CG5. 3 A longer soaking time allowed for trapping of a new BlaC−clavulanate complex that had not been observed by X-ray crystallography yet, but had been identified on the basis on MS data (+70 Da peak). The modeled inhibitor fragment is a 3-oxopropanoic acid with an ester bond with the catalytic 
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Article Ser70. Our crystallographic data thus showed that BlaC is only transiently inhibited by clavulanic acid, and the +155 Da transenamine adduct can be hydrolyzed into a +70 Da propionaldehyde inhibitor. The +70 Da inhibitor can be further hydrolyzed releasing an active enzyme, as suggested by kinetics and MS data. 14, 15 The inhibition of β-lactamases by mechanism-based inhibitors can also result in the formation of a nonhydrolyzable adduct on Ser128 (Ser130 in the classical Ambler numbering) that permanently inhibits the enzyme. 2, 35, 50 A positive electron density near Ser128 was present in all BlaC structures presented in this work and could be modeled as an acetate ion, as previously shown for free BlaC (PDB 5OYO).
14 The orientation of the acetate is very conserved in all BlaC structures presented here, but it showed some displacement in the structure of BlaC bound to the +70 Da propionaldehyde inhibitor. In the latter structure, it is also possible to model a covalent adduct bound to Ser128 without affecting the R-factor and the R free of the model. However, the low resolution of the data set did not allow to confidently model a covalent inhibitor bound to Ser128, but it cannot be excluded that it was present in some BlaC molecules of the crystal. Similar observations were done for the structure of BlaC in covalent complex with tazobactam. The importance of Ser130 (Ser128 in BlaC) as an additional nucleophile for the covalent binding of inhibitors together with Ser70 also emerged from X-ray crystallographic studies of two clinically derived mutants of TEM, TEM-32 (PDB 1LI0), and TEM-34 (PDB 1LI9). 51 TEM-32 and TEM-34 carry point mutations Met69Ile and Met69Val, respectively, and are both more resistant to β-lactam antibiotics and β-lactamase inhibitors. Wang and colleagues showed that the mutation of Met69 causes small variations in the Ser130 side chain that could be responsible for the higher resistance of these clinical TEM species by affecting the irreversible inhibition of the enzymes. 51 The mutation of Met69 was also studied in the Ambler class A β-lactamase SHV-1 using a deacylation impaired Glu166Ala mutant of SHV-1. 18, 35, 36 The structures of wild-type SHV-1, Glu166Ala SHV-1, and Met69Val/Glu166Ala SHV-1 in complex with tazobactam (PDB 1VM1, 1RCJ, and 2H10, respectively) showed that the trans-enamine intermediate of tazobactam assumes a different conformation in the wild-type enzyme compared to the two mutants (Figure 8 ). In both SHV-1 mutants, the carboxylic moieties of the tazobactam as well as sulbactam trans-enamine intermediates discussed above are in a comparable orientation, while in wild-type SHV-1 the orientation of the carboxylic moiety of the tazobactam transenamine intermediate is in a position more similar to the carboxylic moiety of the sulbactam trans-enamine intermediate found in BlaC. Thus, it is reasonable to think that the Glu166Ala mutation is already sufficient to cause the different orientation of the trans-enamine adducts, and it is not known what would be the effect of the single Met69Val mutation. The Glu166Ala mutation causes a reduction of the negative charge in the active site of SHV-1, which could allow the carboxylic moieties of the acyl intermediates to face the active site of the protein, like in PDB 2A3U and 2H0Y for sulbactam, and PDB 1RCJ and 2H10 for tazobactam. Such a conformation of the trans-enamine adducts would be destabilized by the more negative charge in the wild-type active site.
In recent years, the emergence of inhibitor-resistant β-lactamases has triggered the development of a second generation of inhibitors, including avibactam, with a non-β-lactam chemistry so as to avoid hydrolysis of the inhibitor. 1 Here, the structure of BlaC in complex with avibactam was presented. One important feature of avibactam compared to β-lactam-based inhibitors is the presence of the sulfate moiety, which is stabilized in the active site by hydrogen bonds with Ser128, Thr237, and Thr239. Interestingly, this same site of the protein was found to bind phosphate both by crystallography (PDB 5NJ2) and by solution NMR studies. 14 As suggested by Xu et al., 15 the higher stabilization of the avibactam carbamyl adduct might be at the basis of the more stable inhibition of BlaC by avibactam compared to clavulanate, sulbactam, or tazobactam. However, as shown by Xu and colleagues, 15 avibactam has an extremely low affinity for BlaC, which might preclude its use in the treatment of TB in combination with β-lactam antibiotics. A low affinity for antibiotics and inhibitors had already been reported in previous studies. 2, 19 Thus, the major challenge for the future is the design of new inhibitors that combine the high stability of the avibactam covalent adduct with an enhanced affinity for BlaC. To this end, the study of the preacylation complexes is essential for understanding the factors driving binding of BlaC to inhibitors and substrates. In our study, two mutants of the β-lactamase BlaC from Mtb were produced, in which the active site Ser70 was replaced by an Ala or a Cys residue, obtaining BlaC S70A and S70C, respectively. Both mutants were crystallized in their resting state, and the X-ray crystal structures were solved. However, soaking of two different crystal forms of BlaC S70A and of BlaC S70C in solutions containing 10 mM of either clavulanic acid, sulbactam, tazobactam, or avibactam did not result in the formation of a preacylation complex with the enzymes. Interestingly, both BlaC S70A and BlaC S70C crystals contained solvent molecules in the active site, which could be modeled as either reduced DTT or PEG molecules. ITC and NMR titrations showed that the affinity of clavulanic acid for BlaC S70A is very low (high mM range), suggesting that the hydroxyl group of Ser70 could fulfill a dual role of catalysis and substrate binding. The role of Ser residues in driving β-lactamase-substrate recognition was also highlighted by Helfand and colleagues, 52 who showed that the substitution of Ser130 with a Gly in the SHV-1 β-lactamase resulted in a weaker affinity (higher K m ) for antibiotic substrates.
As already observed in the S70C mutant of SHV-1, 46 a sulfenamide bond was clearly present between the side chains of Cys70 and Lys73 in the structure of BlaC S70C. Rodkey et al. showed that the sulfenamide bond was not present in the substrate-free structure of SHV-1 S70C and would only form in the preacylation complex. 46 However, here, we showed that apo BlaC S70C already contains the sulfenamide bond and it is not clear when and how this bond is formed. By comparing SHV-1 S70C crystal structures in the resting state, where no sulfenamide bond was formed, and in the preacylation complex with sulbactam, where the sulfenamide bond was fully formed, the authors also brought evidence in support of the hypothesis that Lys73 deprotonates upon formation of the preacylation complex. 46 However, our structure of substrate-free BlaC S70C shows the presence of the sulfenamide bond between Cys70 and Lys73. The protonation state of Lys73 in the resting state is thus still unclear, but recent ultrahigh resolution crystallography data indicate that the lysine is capable of accepting a hydrogen from Ser130, suggesting that it can act as a base. 
